Introduction
============

Alcohol dehydrogenases (ADHs, alcohol: NAD^+^ oxidoreductase, EC 1.1.1.1) belong to the dehydrogenase enzyme superfamily, and they are widely distributed across all organism types ([@B11]; [@B33]; [@B65]; [@B2]). These enzymes catalyze the interconversion between alcohols and aldehydes ([@B30]; [@B69]). ADHs are classified into three main superfamilies based on the amino acid sequence length, namely medium- (approximately 350 amino acids), short- (approximately 250 amino acids), and long-chain (600--750 residues) ADHs ([@B11]; [@B2]; [@B32]). Most plant ADHs, characterized at the gene level, belong to the medium-chain ADH protein superfamily ([@B11]).

The expression of *ADH* genes generally produces enzymes that are not only active when plants are exposed to various stresses, but also during all plant growth stages under normal conditions. ADHs help protect plants from the effects of hypoxic stress induced by flooding ([@B37]; [@B4]), and the enzymes also have functions associated with seed development ([@B27]; [@B43]) and aerobic metabolism in pollen grains ([@B9]). *ADH1* expression is induced by various environmental stresses, including cold and osmotic stresses ([@B14]; [@B15]), wounding ([@B36]), and drought stress ([@B20]; [@B58]). The *ADH1* expression level is also upregulated in response to the application of exogenous abscisic acid ([@B19]), and salinity stress induces the accumulation of *ADH* mRNA in soybeans, grass peas, and *Arabidopsis* ([@B45]; [@B63]; [@B12]). However, very little is known about the effects of ADHs on plant physiology during exposure to abiotic stress conditions.

Alcohol dehydrogenase activity is directly and indirectly involved in the production of green leaf volatiles (GLVs), as suggested by the lack an aroma in the crushed leaves of *adh* mutant plants ([@B57]). GLVs include aldehydes, esters, and alcohols of six-carbon compounds that are released after wounding ([@B48]). GLVs originate in the hydroperoxide lyase (HPL) branch of the oxylipin pathway, and they are formed from fatty acids ([@B48]). ADHs help catalyze the interconversion of C~6~ volatiles (e.g., hexenal to hexenol and *Z*-3-hexenal to *Z*-3-hexenol) ([@B7]; [@B40]). Almost all plants produce GLVs, and their release can be caused by abiotic stimuli ([@B71]; [@B41]; [@B26]; [@B73]; [@B68]; [@B8]), herbivores ([@B72]; [@B29]), or pathogens ([@B17]; [@B60]). Moreover, plants release GLVs almost immediately after their cellular structures are damaged ([@B6]). For example, *Arabidopsis thaliana* leaves produce *Z*-3-hexenal 30--45 s after being wounded, and *Z*-3-hexenol and hexenyl acetate are released after approximately 5 min ([@B18]). Physiologically, GLVs function as signaling molecules that induce plant defense responses ([@B24]). The treatment of plants with GLVs induces the production of downstream metabolites, and it increases the expression of defense-related genes ([@B5]; [@B23]). The release of GLVs in response to insect feeding is thought to prime neighboring plants for potential damage from herbivory ([@B22]), and primed plants display quicker and more powerful defense responses when challenged by biotic and abiotic stresses ([@B16]).

Plants show various responses to salt stress that enable them to tolerate adverse conditions. In response to high salt conditions, the expression levels of several genes are upregulated, and the encoded proteins directly or indirectly contribute to plant protection ([@B78]). There are numerous candidate genes that could be used to transform crops to improve salinity tolerance, and genes that increase salt tolerance can be divided into three groups. The first group includes genes that control salt transport. For example, the overexpression of *SOS1*, which encodes a plasma membrane Na^+^/H^+^ antiporter, increases the salinity tolerance of transgenic *Arabidopsis* ([@B59]). The second group consists of genes that have an osmotic or protective function. As shown in a previous study, the overexpression of mannitol-1-phosphate dehydrogenase (*mt1D*), which mediates mannitol synthesis in bacteria, can increase salinity tolerance in wheat ([@B1]). The third group includes genes that mediate the detection, signaling, and regulatory pathways involved in global salinity tolerance. Improving crop salt tolerance by overexpressing transcription factor genes has been described in model species such as *A. thaliana* ([@B35]; [@B82]; [@B46]; [@B80]), and it has been demonstrated to a lesser extent in crops such as rice, wheat, tomato, and alfalfa ([@B54]).

In this study, we incorporated the *Synechocystis* sp. PCC 6906 *sysr1* gene into the *Nicotiana benthamiana* genome. This gene encodes an ADH that catalyzes the reduction of aldehydes to a greater degree than the oxidation of alcohols in *Synechocystis* sp. The results indicated that transgenic *N. benthamiana* plants overexpressing *sysr1* exhibited enhanced salt tolerance. Thus, our data revealed a novel role for *sysr1* in salt-stress responses.

Materials and Methods {#s1}
=====================

Plant Materials and Growth Conditions
-------------------------------------

*Nicotiana benthamiana* plants were grown in a growth chamber set at 25 ± 1°C with a 16-h light (70 μmol m^-2^ s^-1^):8-h dark photoperiod. To generate 35S::*sysr1*-transgenic plants, the *sysr1* coding region was amplified via polymerase chain reactions (PCR) with a forward and reverse primer set (5′-AACACGGGGGACTCTAGAATGATTAACGCCTACGCGGCCC-3′ and 5′-TCGGGGAAATTCGAGCTCTCAATGGCTTAAAACCACACGGT-3′). The amplified fragments were cloned into the *Xba*I/*Sac*I restriction enzyme sites of pHC30 (**Supplementary Figure [S2](#SM2){ref-type="supplementary-material"}**), which was modified from pCAMBIA3300. The resulting pHC30 vector was used to transform *N. benthamiana* plants, and putative transformants were transferred to soil. DNA isolated from young leaves was used to detect the presence of the transgene via quantitative real-time (qRT)-PCR. Seven independent transgenic lines were established (T~1~: Lines 1, 4, and 6--10).

Quantitative Real-Time Polymerase Chain Reaction Analysis
---------------------------------------------------------

Total RNA was isolated from the collected seedlings using an RNeasy mini kit (Qiagen). Approximately 1 μg DNA-free RNA was used for first-strand cDNA synthesis with M-MuLV reverse transcriptase (Enzynomics). qRT-PCR was conducted using the CFX96 qPCR system (Bio-Rad^[1](#fn01){ref-type="fn"}^) and SYBR Premix Ex Taq (TaKaRa^[2](#fn02){ref-type="fn"}^), and primers (0.1 μM) were used in a 25-μL final volume. The qRT-PCR protocol was as follows: 95°C for 10 min; 40 cycles of 95°C for 5 s and 60 °C for 20 s. A dissociation curve was subsequently generated. All reactions were completed in triplicate, and details about the qRT-PCR primers are provided in Supplementary Table [S1](#S4){ref-type="supplementary-material"}.

Salt-Stress Assay with Transgenic *N. benthamiana* Plants
---------------------------------------------------------

Homozygous T~3~ *sysr1-*transgenic *N. benthamiana* plants (Lines 1, 4, and 7) were analyzed in a salt-stress assay. The seeds of wild-type (WT) and transgenic plants were surface-sterilized and vernalized at 4 °C for 3 days. Samples were then placed in Petri dishes containing Murashige and Skoog (MS) medium (pH 5.7) supplemented with vitamins, 3% sucrose, and 0.4% (w/v) Phytagel. The seeds were incubated at 25 ± 1°C in an illuminated growth chamber. After 2 weeks, the seedlings were transferred to square Petri dishes containing MS agar (0.6% Phyto Agar) medium, which was supplemented with 300 mM NaCl or 400 mM mannitol for salt-stress treatments. After a 4-week incubation, root lengths, numbers of lateral roots, and fresh weights were recorded.

Salt tolerance at the adult stage was evaluated according to the method of [@B67]. WT and *sysr1*-overexpressing (*sysr1*-OX) plants grown on MS agar medium for 4 weeks were transferred to soil, and the samples were then acclimated for 2 weeks. Each plant was then watered with NaCl solution every 3 days. The initial NaCl concentration was 100 mM, and it was then increased in 50-mM increments until a final concentration of 300 mM was reached.

Regarding floating leaf disk assays, 0.8-cm diameter leaf disks (six disks per treatment) were prepared from WT and transgenic leaves at identical developmental stages. The disks were floated on 0 mM (i.e., H~2~O) and 300 mM NaCl solutions for 5 days, and they were then treated with 80% aqueous acetone, and the total chlorophyll content was calculated as previously described ([@B47]). The assays was repeated three times, and mean values were used for analyses.

GLV Analysis
------------

*Z*-3-hexenal, *E*-2-hexenal, and *Z*-3-hexenol were analyzed using a gas chromatography-mass spectrometry system coupled to a thermal desorption unit (TD-GC-MS). The TD-GC-MS analysis was completed using a GC-MS-QP 2010 Ultra instrument (Shimadzu Corporation, Japan) equipped with an Rtx-5MS column (30 m in length, 0.25 mm internal diameter, and 0.25 μm film thickness; Restek, United States) ([@B34]). The generated data were processed using GC-MS Solution software (version 4.20, Shimadzu Corporation). *E*-2-hexenal and *Z*-3-hexenol were identified based on comparisons with pure standards, while *Z*-3-hexenal was identified by matching the mass spectrum with data in the NIST14 library and a previously reported retention time ([@B34]). The peak area of each GLV was normalized based on the peak area at 15.5 min for PDMS tubing pieces, because this peak area was proportional to the PDMS tubing length.

ADH Activity Measurements
-------------------------

Aliquots of leaf tissue extracts were stored at -80°C until assayed. ADH activity was determined colorimetrically (FLUOstar^®^ Omega) by quantifying the amount of NADH produced using an Alcohol Dehydrogenase Activity Colorimetric Assay Kit (Biovision).

Volatile Treatment
------------------

Two-week-old *N. benthamiana* plants grown on Murashige and Skoog agar plates (250 cm^3^) were treated with dichloromethane (DCM; Sigma--Aldrich) or individual GLVs (i.e., *E*-2-hexenal, *Z*-3-hexenol, and Z-3-hexenyl acetate; Sigma--Aldrich). Volatiles were diluted with DCM, which does not induce *HPL* expression. A 2-μL aliquot of 0.1 M volatile solution was applied to 3M^TM^ Micropore^TM^ Surgical Tape, which was attached to the inside of the plate cover. The cover was immediately set on the plastic plate, and the plants were incubated for 1 h at 25°C in an illuminated growth chamber (70 μmol m^-2^ s^-1^). DCM-treated plants were used as controls.

Statistical Analysis
--------------------

All experiments were repeated three times, and mean values were analyzed with Student's *t*-test implemented in the JMPIN program (version: 4.0.4).

Results
=======

Sysr1 Amino Acid Sequence Exhibits Characteristics Typical of Medium-Chain ADHs
-------------------------------------------------------------------------------

To identify components of the salt-tolerance pathway, we compared the gene expression levels of two strains of *Synechocystis* sp., namely hypersaline lake isolate PCC 6906 (Taxonomy ID 722431) and freshwater isolate PCC 6803 (Taxonomy ID 1148), in response to a high NaCl concentration (data not shown). We isolated salt-responsive gene 1 (designated *Synechocystis* salt responsive gene 1 (*sysr1*)) from PCC 6906. A BLAST search against the NCBI non-redundant protein sequence database with the Sysr1 amino acid sequence as the query revealed that Sysr1 is more than 80% identical to AdhA (slr1192 protein). The *Synechocystis* sp. strain PCC 6803 *slr1192* gene encodes a member of the medium-chain ADH family. Additionally, AdhA exhibits NADP-dependent ADH activity, with diverse primary alcohols and aldehydes as substrates ([@B76]). An alignment of horse liver ADH (LADH, *Equus caballus*), AdhA (PCC6803), and Sysr1 (PCC6906) amino acid sequences is presented in **Supplementary Figure [S1](#SM1){ref-type="supplementary-material"}**. LADH has previously been used as a standard for comparisons of ADH structures ([@B21]). Each ADH sample had the following two major domains: a substrate-binding or catalytic domain, consisting of an N-terminal region with irregular β-coils and a short C-terminal region; and a co-enzyme--binding domain, comprising a duplicated β-sheet known as a Rossmann fold ([@B53]) (**Supplementary Figure [S1](#SM1){ref-type="supplementary-material"}**). An analysis of the aligned sequences indicated that the Sysr1 amino acid sequence had characteristics typical of medium-chain ADHs.

Sysr1 Functions as an ADH in *sysr1*-Transgenic *N. benthamiana* Plants
-----------------------------------------------------------------------

The expression of *adhA* (*slr1192*) is induced by osmotic ([@B50]), salt ([@B62]), and heat ([@B76]) stresses. To investigate the potential role of Sysr1 in response to salinity stress, transgenic *N. benthamiana* plants that ectopically express *sysr1* were generated (**Supplementary Figure [S2A](#SM2){ref-type="supplementary-material"}**), and seven independently transformed tobacco lines were isolated (**Supplementary Figure [S2B](#SM2){ref-type="supplementary-material"}**). To assess *sysr1* expression levels in transgenic *N. benthamiana* plants, 3-week-old homozygous T~3~ transgenic seedlings were analyzed using qRT-PCR (**Figure [1A](#F1){ref-type="fig"}**). We then used an enzyme activity assay to confirm the mRNA data (**Figure [1B](#F1){ref-type="fig"}**). Lines 4 and 7 exhibited the highest *sysr1* expression levels and ADH activity, so the lines were selected for further analyses (**Figures [1A,B](#F1){ref-type="fig"}**). WT and Line 1 plants exhibited similarly low *sysr1* expression levels and ADH activity, so Line 1 was used as a control in subsequent experiments (**Figures [1A,B](#F1){ref-type="fig"}**). There were no obvious phenotypic differences between the transgenic and WT plants under normal growth conditions (**Supplementary Figure [S2C](#SM2){ref-type="supplementary-material"}**).

![Identification of *sysr1*-transgenic plants. **(A)** Results of the qRT-PCR analyses of *sysr1* expression in three transgenic lines (Lines 1, 4, and 7) used for salt-tolerance assays. The *sysr1* transcription level was expressed as relative mRNA abundance (2^-ΔΔ*C*~t~^). Expression data were normalized against *Nicotiana benthamiana EF1*α transcript levels. For each sample, three biological replicates were analyzed with corresponding technical replicates. **(B)** Leaf ADH activity was compared among control and transgenic *N. benthamiana* plants. Control: WT plants. Lines 1, 4, and 7: homozygous transgenic lines (T~3~ generation).](fpls-08-01965-g001){#F1}

Positive Correlation between ADH Activity and Salt Tolerance in *sysr1*-Transgenic Plants
-----------------------------------------------------------------------------------------

Plant salt tolerance can be assessed based on the relative plant growth rate after prolonged exposure to a given salt concentration or the plant survival rate after a treatment with a defined salt concentration ([@B52]). We analyzed WT and transgenic plants to investigate whether the constitutive expression of *sysr1* enhances salt tolerance. Two-week-old seedlings were transferred to plates containing Murashige and Skoog agar medium supplemented with 300 mM NaCl. After 1 month, primary root length and fresh weight data were analyzed. The transgenic seedlings from Lines 4 and 7 grew better than the WT plants (**Figures [2A](#F2){ref-type="fig"}--[C](#F2){ref-type="fig"}**). Furthermore, the 300 mM NaCl treatment considerably inhibited the growth of WT and Line 1 control plants, resulting in lower fresh weights than the seedlings of Lines 4 and 7 (**Figure [2B](#F2){ref-type="fig"}**). We also assessed plant growth in response to salinity in adult plants grown in soil. Six-week-old WT and *sysr1*-OX plants grown in the same pot were watered with NaCl solution (100--300 mM) for 1 month. As shown in **Figure [3A](#F3){ref-type="fig"}**, WT plants exhibited chlorosis and growth retardation, whereas *sysr1*-OX tobacco plants grew relatively well, thus demonstrating that ectopic expression of *sysr1* significantly enhanced the tolerance of these transgenic plants to salinity. The degree of leaf bleaching provides a visual estimate of the damage caused by salt stress. The effects of salinity stress on chlorophyll content were measured using a floating leaf disk assay. When leaf disks were floated on a 300 mM NaCl solution for 5 days, the disks of WT plants were bleached more intensely than those of *sysr1*-OX plants (**Figures [3B,C](#F3){ref-type="fig"}**). Additionally, decreases in leaf disk chlorophyll levels were greater in WT plants than in *sysr1*-OX plants (**Figures [3B,C](#F3){ref-type="fig"}**). These results indicated that transgenic *N. benthamiana* plants overexpressing *sysr1* were better able to tolerate salinity stress than WT plants. Plant damage caused by high salt concentrations likely varies depending on the age of the plant, and inhibited root growth was clearly observed during the seedling stage. However, in adults, inhibited growth of aerial plant parts and chlorosis of the leaves were more prominent symptoms of salt stress (**Figure [3A](#F3){ref-type="fig"}**). These results suggested a positive correlation between ADH activity and salt tolerance in *sysr1*-OX plants.

![Effects of *sysr1* overexpression on salt tolerance during the seedling stage. **(A--C)** Phenotypes of WT and transgenic plants grown on Murashige and Skoog medium supplemented with 300 mM NaCl. Two-week-old WT and transgenic plants (Lines 1, 4, and 7) grown on Murashige and Skoog agar were transferred to the same medium containing 300 mM NaCl, and plants were allowed to grow for an additional 4 weeks. Plants were photographed at the conclusion of the salt treatment. **(B)** Analysis of root length and **(C)** whole-seedling fresh weight. The data for three biological replicates were averaged. Different letters represent significant differences at *P* \< 0.05 (*t*-test). Bars indicate the standard deviation of the mean.](fpls-08-01965-g002){#F2}

![Effects of *sysr1* overexpression on salt tolerance during the adult stage. **(A)** Phenotype of WT and transgenic plants watered with NaCl solution (from 100 to 300 mM) for 4 weeks. **(B)** Representative image depicting phenotypic differences between WT and transgenic leaf disks. Leaves of 4-week-old WT and transgenic plants were cut into leaf disks (0.8 cm diameter) and floated on H~2~O or 300 mM NaCl. Leaf disks were incubated for 5 days at 25°C under a 16-h:8-h dark photoperiod. **(C)** Chlorophyll contents of leaf disks from WT and transgenic plants treated with H~2~O or 300 mM NaCl. Damages caused by salt stress are indicated by the extent of leaf-tissue bleaching after 5 days (*n* = 9).](fpls-08-01965-g003){#F3}

To investigate whether this salinity tolerance was attributable to osmotic mechanisms, 2-week-old WT and *sysr1*-OX seedlings were exposed to mannitol (400 mM). Osmotic stress tolerance was assessed by monitoring primary root elongation 4 weeks later. A significant difference in the root growth rate was observed between transgenic and WT seedlings (**Supplementary Figure [S3](#SM3){ref-type="supplementary-material"}**) and these results implied that *sysr1* overexpression conferred tolerance to salinity and osmotic stresses.

*Z*-3-Hexenol Was More Abundant Than *Z*-3-Hexenal in Transgenic Tobacco Plants
-------------------------------------------------------------------------------

Previous studies indicated that ADH is responsible for the conversion of C~6~ aldehydes to their corresponding alcohols ([@B7]; [@B40]). Therefore, we compared the quality of the emitted GLVs between WT and *sysr1*-OX plants. The volatiles from transgenic leaves with enhanced ADH levels were analyzed using GC-MS ([@B34]) to determine the effects of *sysr1* overexpression on the relative amount of volatile aldehydes and alcohols in wounded leaves. The results indicated that Sysr1 was involved in the interconversion of aldehydes and alcohols in transgenic *N. benthamiana* leaves. The WT control plants produced more *Z*-3-hexenal than *Z*-3-hexenol within 1 h of wounding (**Figure [4](#F4){ref-type="fig"}**). However, leaf *Z*-3-hexenol levels were approximately twofold higher in *sysr1*-OX plants than in WT plants within 1 h of wounding. Results of the GC-MS analysis revealed that the conversion of *Z*-3-hexenal (C~6~ aldehyde) to its corresponding alcohol, *Z*-3-hexenol (C~6~ alcohol), was at least partially mediated by Sysr1 in transgenic leaves. These data indicated that Sysr1 functions as an ADH in *sysr1*-OX plants.

![Changes in ADH activity influenced the quality of the emitted wound-induced GLVs. Leaves from WT and *sysr1*-transgenic plants were wounded (one leaf per plant), and were immediately placed in a ventilated PET cup containing two PDMS tubes. After 1--2 h, PDMS tubes were collected and analyzed. The peak areas of *Z*-3-hexenol and *Z*-3-hexenal (mean + standard deviation; *n* = 8) were determined as representative values. Different letters represent significant differences at *P* \< 0.05 (*t*-test).](fpls-08-01965-g004){#F4}

Expression of Stress-Related Genes Is Altered in *sysr1*-OX *N. benthamiana* Plants
-----------------------------------------------------------------------------------

The expression of some stress-related genes was analyzed using qRT-PCR to determine how *sysr1* overexpression increased salt tolerance. Genes encoding key signaling factors for abiotic stress response pathways \[e.g., dehydration-responsive element binding protein 2a (*DREB2A*), heat shock protein 17.6 (*HSP17.6*), responsive to desiccation 29 (*RD29B*), and *HPL*\] were more highly expressed in transgenic plants than in WT plants under normal growth conditions and after treatment with 300 mM NaCl (**Figure [5](#F5){ref-type="fig"}**). We sampled plants 1 h after salt treatment to highlight the phenotypes of *sysr1*-OX plants. Even in the absence of salt stress, greater accumulation of transcripts associated with stress-related genes was observed in *sysr1*-transgenic plants compared to WT plants. This phenomenon is similar to the priming effect observed in plants exposed to salt stress in advance. Therefore, these observations implied that the greater salt tolerance of *sysr1*-OX plants was relevant to the elevated expression levels of stress response genes.

![Expression patterns of genes with known roles in abiotic stress responses in tobacco plants. Gene expression levels in WT and *sysr1-*transgenic leaves (Lines 4 and 7) were compared by qRT-PCR after 0 and 1 h of treatment with 300 mM NaCl. Error bars indicate the standard deviation of three technical replicates, and the results were consistent in two biological replicates. *EF1*α was used as a reference gene. *HPL*, hydroperoxide lyase; *DREB2A*, dehydration-responsive element binding protein 2a; *RD29B*, responsive to desiccation 29*; HSP17.6*, heat shock protein 17.6.](fpls-08-01965-g005){#F5}

Airborne Signals from Salt-Stressed *sysr1*-OX Plants Induce Salt Tolerance in Neighboring WT Seedlings
-------------------------------------------------------------------------------------------------------

Environmental stresses increase the quantity and quality of volatile organic compounds (VOCs) emitted by plants ([@B42]). A recent study concluded that salt-responsive *A. thaliana* VOCs induce salt tolerance in neighboring plants ([@B39]). To determine whether salt stress promotes the emission of VOCs from *sysr1*-OX plants to enhance salt tolerance in neighboring WT plants, we treated WT and *sysr1*-OX plants with 300 mM NaCl and investigated whether VOCs released from the *sysr1-*transgenic plants induced salt tolerance in WT plants. Two-week-old WT and *sysr1-*OX seedlings were transferred to MS agar medium supplemented with 300 mM NaCl. We used two-compartment plates, which contained WT seedlings in one compartment and *sysr1*-OX or WT seedlings in the other. The plates, which allowed the exchange of airborne signals between compartments, were sealed and incubated at 25 ± 1°C for 4 weeks. We then examined the growth of WT plants that were grown with WT or *sysr1*-transgenic plants exposed to 300 mM NaCl. The salt tolerance of WT plants was enhanced in the presence of *sysr1*-transgenic plants, suggesting that the VOCs emitted from the *sysr1*-transgenic plants enhanced the salt tolerance of neighboring WT plants (**Figures [6A](#F6){ref-type="fig"}--[C](#F6){ref-type="fig"}**). We also assessed the volatile effects of *sysr1*-OX plants on salt tolerance in adult plants grown in soil. WT and *sysr1*-OX plants grown in the same pot received water supplemented with NaCl (100--300 mM). Unfortunately, we did not observe acquired salt tolerance in WT plants that were grown together with adult *sysr1*-OX plants in the same pot (**Figure [3A](#F3){ref-type="fig"}**).

![Effects of VOCs emitted from salt-stressed *sysr1*-OX plants on the salt tolerance of neighboring WT plants. **(A--C)** Two-week-old WT and transgenic plants (Lines 4 and 7) grown on Murashige and Skoog agar medium were transferred to the same medium containing 300 mM NaCl, and plants were allowed to grow for an additional 4 weeks. We used two-compartment plates with WT seedlings in one compartment and *sysr1*-OX or WT seedlings in the other. **(A)** Phenotypes of WT and transgenic plants grown on Murashige and Skoog agar medium supplemented with 300 mM NaCl. **(B)** Root length analysis of WT plants grown with *sysr1*-OX plants. **(C)** Analysis of lateral root numbers in WT plants grown with *sysr1*-OX plants. All values are mean ± SD of three independent experiments (*n* = 8 seedlings per experiment). Different letters represent significant differences at *P* \< 0.05 (*t*-test). Bars indicate the standard deviation of the mean.](fpls-08-01965-g006){#F6}

Green Leaf Volatiles Strongly and Rapidly Induce Stress-Related Gene Expression
-------------------------------------------------------------------------------

Even in the absence of salt stress, *HPL* transcripts accumulated more in *sysr1*-transgenic plants than in WT plants (**Figure [5](#F5){ref-type="fig"}**). *HPL* is important for GLV biosynthesis in *N. attenuata* ([@B3]). Additionally, *sysr1* overexpression modifies the balance between *Z*-3-hexenal and *Z*-3-hexenol in transgenic leaves. Therefore, we speculated that GLVs might be airborne signals. Furthermore, *sysr1*-OX and WT plants may differ with regard to the quality or quantity of GLVs emitted in response to high-salt conditions. To elucidate the molecular mechanisms underlying the induction of salt tolerance in plants neighboring *sysr1*-OX seedlings, we compared the effects of GLVs on the expression of defense-related genes. GLVs comprise a family of C~6~ compounds, including *E*-2-hexenal, *Z*-3-hexenol, and hexenyl derivative *Z*-3-hexenyl acetate. WT plants were treated with pure vaporized C~6~ compounds (10 nmol cm^-3^ for 1 h). The seedlings were collected 0.5 and 1 h after initiating treatment, because the focus of this study was early transcriptional changes induced by GLVs. Earlier studies revealed that *DREB2A* transcript levels were highest 0.5 h after samples were exposed to *E*-2-hexenal ([@B79]). We observed a transient increase in *DREB2A* transcript abundance at 0.5 h, and a subsequent decrease was detected after 1 h in WT plants treated with vaporized *E*-2-hexanal. In contrast, *DREB2A* transcription levels in DCM-treated control plants remained low (**Figure [7](#F7){ref-type="fig"}**). We also tested the effects of other GLVs on selected stress-related transcript, and vaporized *Z*-3-hexenol and *Z*-3-hexenyl acetate induced the expression of *DREB2A*, *RD29B*, and *HPL* (**Figure [7](#F7){ref-type="fig"}**). Moreover, *Z*-3-hexenol and *Z*-3-hexenyl acetate upregulated the expression of selected stress-related genes more than *E*-2-hexenal (**Figure [7](#F7){ref-type="fig"}**).

![Expression levels of abiotic stress-related genes in *N. benthamiana* were upregulated in response to GLV treatments. Gene expression is presented as relative transcript abundance of *N. benthamiana* leaves (WT) treated with 2 μL 0.1 M DCM, *E*-2-hexenal, *Z*-3-hexenol, or *E*-3-hexenyl acetate for 30 and 60 min. Error bars indicate the standard deviation of three technical replicates, and the results were consistent in two biological replicates. The *EF1*α gene was used as a reference gene. *HPL*, hydroperoxide lyase; *DREB2A*, dehydration-responsive element binding protein 2a; *RD29B*, responsive to desiccation 29.](fpls-08-01965-g007){#F7}

Treatments with Pure C~6~ Compounds Can Induce Salt Tolerance
-------------------------------------------------------------

We assessed GLV-induced salt tolerance based on root length and the number of lateral roots, because GLV treatments enhanced the expression of *HPL*, *DREB2A*, and *RD29B* (**Figure [7](#F7){ref-type="fig"}**), which contribute to abiotic stress tolerance ([@B55]). After 2 weeks of growth on basal Murashige and Skoog agar plates, WT seedlings were treated with DCM (i.e., vaporized solvent control) and three synthetic GLVs for 1 h, and samples were then transferred to vertical Murashige and Skoog agar plates supplemented with 300 mM NaCl. Regarding primary root length and the number of lateral roots, seedlings pretreated with *Z*-3-hexenol or *Z*-3-hexenyl acetate grew better than solvent control-treated seedlings, thus indicating the physiological importance of GLVs in salt-stress responses. However, the *E*-2-hexenal pretreatment did not enhance salt tolerance (**Figure [8](#F8){ref-type="fig"}**), and these results were consistent with the expression patterns of stress-related genes in GLV-treated seedlings (**Figure [7](#F7){ref-type="fig"}**). Comparing salt-induced growth inhibition after treatments with three different GLVs indicated that C~6~ alcohol and C~6~ ester forms of GLVs increased salt tolerance more than the C~6~ aldehyde form.

![Biological effects of GLV treatments on *N. benthamiana* plants. Two-week-old seedlings were pretreated with 2 μl 0.1 M GLV or DCM (control) for 1 h. The seedlings were then transferred to Murashige and Skoog agar medium containing 300 mM NaCl, and plants were allowed to grow for an additional 4 weeks. The plants were photographed at the conclusion of the salt treatment. **(A)** (1) DCM; (2) *E*-2-hexenal; (3) *Z*-3-hexenol; (4) *Z*-3-hexenyl acetate. **(B)** Analysis of root length and **(C)** number of lateral roots. The data for three biological replicates were averaged. Different letters represent significant differences at *P* \< 0.05 (*t*-test). Bars indicate the standard deviation of the mean.](fpls-08-01965-g008){#F8}

Discussion
==========

Soil salinity is a major abiotic stress that adversely affects plant growth and productivity. Excessive salt entering plant cells can trigger ionic imbalances that cause respiratory and photosynthetic complications, which ultimately lead to inhibited growth, injury, and even death in severe cases ([@B52]). In this study, we revealed that Sysr1 helps regulate plant salt-stress tolerance. The ectopic expression of *sysr1* in transgenic *N. benthamiana* plants enhanced salt tolerance. The encoded ADH enhanced the conversion of aldehydes to alcohols, thus affecting the balance between C~6~ aldehydes and alcohols in *sysr1-*transgenic plants. Furthermore, airborne signals from salt-stressed *sysr1*-OX plants triggered salinity tolerance in neighboring WT plants. We hypothesized that communication between *sysr1*-transgenic and WT plants under high-salt conditions helps WT plants cope with subsequent exposures to salt stress. To test this hypothesis, we investigated the effects of GLV treatments on salt-stress tolerance. The *Z*-3-hexenol and *Z*-3-hexenyl acetate treatments upregulated *HPL, DREB2A*, and *RD29B* expression levels, and substances also alleviated the growth inhibition of WT plants exposed to salinity stress. These results suggested that Sysr1 affects the quality of GLV components, resulting in physiological implications for salt tolerance.

How Does *sysr1* Improve the Salt Tolerance of Transgenic Plants?
-----------------------------------------------------------------

Besides well-established ADH functions that occur during seed development and responses to flooding stress, there is mounting evidence that ADH mediates tolerance to other abiotic stresses. Several previous studies of model plants confirmed that *ADH* expression is influenced by stress ([@B49]; [@B14]; [@B31]; [@B9]), and it is also linked to changes in secondary metabolism ([@B7]; [@B40]; [@B64]). Although *ADH* expression is induced by salt stress ([@B76]; [@B81]), the role of ADH during salt-tolerance signaling has not been established. In this study, we tested whether transgenic plants carrying *Synechocystis* sp. *ADH* exhibit salinity tolerance. We also attempted to characterize the mechanism responsible for the correlation between salinity tolerance and ectopic *sysr1* expression (**Figures [2](#F2){ref-type="fig"}**, **[3](#F3){ref-type="fig"}**). Our findings clearly indicated that *sysr1* overexpression increases the salt tolerance of *N. benthamiana* plants.

The results of our gene expression analyses may help explain increased salt tolerance of *sysr1*-OX plants. The overexpression of *sysr1* in *N. benthamiana* plants upregulated the expression of the abiotic stress-related genes *DREB2A*, *RD29B*, *HSP17.6*, and *HPL* (**Figure [5](#F5){ref-type="fig"}**). The enhanced expression of *DREB2A* reportedly increases rice tolerance to dehydration and salt stress conditions ([@B44]), and *RD29A* and *RD29B* are specific targets of the DREB2A transcription factor ([@B55],[@B56]). These homologous genes are highly sensitive to various abiotic stressors. For example, cold, drought, and salt stresses induce *RD29A* and *RD29B* expression. However, the *RD29A* promoter is more responsive to drought and cold stresses, and the *RD29B* promoter is highly responsive to salt stress ([@B51]). *HSP17.6A* encodes a small heat-shock protein belonging to the *A. thaliana* cytosolic class II family, and it is expressed during development and stress responses. Furthermore, overproduction of *HSP17.6A* and *NtHSP70-1* can increase salt or drought tolerance in plants ([@B66]; [@B13]). Because the expression levels of abiotic stress-related genes increased in *sysr1*-OX plants, we speculated that stress-induced signal transduction occurs faster in transgenic plant cells, resulting in faster and stronger activation of salt-tolerance-related responses. Upon exposure to salt stress, a set of signaling proteins is activated, thus augmenting salt-stress responses.

How Does Sysr1 Affect the Transcription of Abiotic Stress-Related Genes, Including *DREB2A*, in Transgenic *N. benthamiana*?
----------------------------------------------------------------------------------------------------------------------------

A distinct characteristic of *sysr1*-transgenic plants is the exhibition of greater ADH activity than the WT plants. Consequently, *Z*-3-hexenol was more abundant than *Z*-3-hexenal (**Figure [4](#F4){ref-type="fig"}**). Previous reports indicated that *adh1* mutant plants released less hexanol and *Z*-3-hexenol than WT plants, but more *E*-2-hexenal was produced ([@B10]; [@B65]). The overexpression of *ADH* in tomato plants changes the balance between the C~6~ aldehydes and alcohols in ripened fruits ([@B64]). We speculated that the increase in *Z*-3-hexenol content in *sysr1*-OX *N. benthamiana* plants may influence the transcription of abiotic stress-related genes. Short-chain leaf volatiles (e.g., *E*-2-hexenal) can strongly induce the expression of abiotic stress-related transcription factor genes such as *DREB2A* ([@B79]). However, we observed that the expression levels of abiotic stress-related genes were more than twofold higher in plants treated with vaporized *Z*-3-hexenol and *Z*-3-hexenyl acetate than in plants exposed to *E*-2-hexenal (**Figure [7](#F7){ref-type="fig"}**). Thus, our data indicate that GLVs formed in *sysr1*-transgenic plants can upregulate gene expression, leading to stronger effects of *Z*-3-hexenol than *E*-2-hexenal.

How Do *sysr1*-OX Plants Trigger Salinity Tolerance in Neighboring Plants?
--------------------------------------------------------------------------

Green leaf volatiles are produced in reactions catalyzed by HPL, which is a component of the lipoxygenase pathway. In the lipoxygenase/HPL pathway, the plant first produces C~6~ aldehydes, which are then converted to C~6~ alcohols (e.g., *Z*-3-hexenol) by ADH ([@B48]). In plant communities, GLVs are important infochemicals that mediate plant--plant and plant--insect interactions. In particular, *Z*-3-hexenol and *Z*-3-hexenyl acetate are associated with plant--plant communication ([@B22]; [@B23]; [@B29]; [@B25]; [@B28]). Airborne *Z*-3-hexenol from wounded plants may trigger pre-defense reactions in neighboring healthy plants, enabling faster and stronger responses during subsequent attacks. This phenomenon is called plant--plant communication or the priming effect of volatiles ([@B77]), but the physiological and molecular mechanisms responsible for GLV-induced priming have not been characterized. Priming often results in the enhanced transcription of defense-related genes ([@B70]; [@B75]; [@B83]; [@B38]). Thus, transcription factors are important for the regulation of priming effect initiation ([@B74]).

Unfortunately, we were unable to identify the salt-induced GLVs released in WT and *sysr1*-transgenic plants, and this likely occurred because GLVs were released at very low levels. However, the results of our experiment using two-compartment plates suggested that airborne signals from salt-stressed *sysr1*-transgenic plants enhanced the salt tolerance of neighboring plants (**Figures [6A](#F6){ref-type="fig"}--[C](#F6){ref-type="fig"}**). The priming effect was observed because plants were located in a small enclosed space, and neighboring plants were exposed to relatively high concentrations of volatile components for an extended period. In contrast, WT and *sysr1*-OX plants grown in soil (in an open space) did not exhibit a priming effect, because they were only briefly exposed to relatively low concentrations of volatile components. Therefore, exposure to sufficient concentrations of volatile components for an adequate period is required for the induction of a priming effect between neighboring plants. However, we observed that vaporized *Z*-3-hexenol and *Z*-3-hexenyl acetate considerably increased salt tolerance in neighboring WT plants (**Figure [8](#F8){ref-type="fig"}**). Interestingly, *E*-2-hexenal had relatively little priming effects. [@B61] exposed healthy *A. thaliana* plants to 140 ppt GLVs from wounded neighboring plants twice per week for 3 weeks, and this concentration triggered a response in the healthy plants. Although we were unable to measure salt-induced GLVs, the aforementioned results suggest that a very low concentration of salt-induced GLVs can trigger salt tolerance in neighboring plants. Therefore, increases in ADH activity may affect the salt tolerance of neighboring plants by changing the balance between emitted *Z*-3-hexenol and *E*-2-hexenal.

A Proposed Role for Sysr1
-------------------------

In plants, ADH enzymes have multiple functions related to anaerobic and aerobic fermentation as well as the production of scents that discourage predation, attract pollinators, and facilitate seed dispersal. In particular, *sysr1* overexpression affects the quality of stress-inducible GLVs, resulting in the upregulation of expression of stress-related genes. These changes may be associated with observed enhanced salt tolerance of *sysr1*-OX plants and neighboring plants. Our results suggested that the increased salt tolerance of *sysr1*-OX plants may have resulted from increased expression of stress-related genes, which was caused by enhanced *Z*-3-hexenol production. In this study, we could not explain why the priming effect associated with the induction of salt tolerance in neighboring plants was only observed in seedlings cultivated in an airtight container. Experiments designed to fully characterize the molecular mechanisms associated with the regulation of the salt tolerance priming effect of *sysr1*-OX plants are currently in progress.
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**FIGURE S1 \|** Alignment of *Synechocystis* sp. PCC 6906 (Sysr1), *Synechocystis* sp. PCC 6803 (AdhA), and horse liver (LADH) ADH sequences. Residues shared by *Synechocystis* sp. proteins are presented in gray, while amino acids conserved among all three ADHs are in black. The major functional domains are indicated, along with the binding sites of the catalytic (^∗^) and structural (•) Zn ions. The β sheets of the NAD-binding Rossmann fold are underlined. GenBank accessions for PCC 6906, PCC 6803, and horse liver ADHs are KY014075, WP_010874320, and NP_001075414.1, respectively.
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**FIGURE S2 \|** Analysis of *sysr1*-overexpressing transgenic *N. benthamiana* lines. **(A)** transformation of *N. benthamiana* plants. **(B)** Quantitative real-time PCR analyses of *sysr1* gene expression in WT plants and *sysr1*-overexpressing transgenic lines (T~1~). Total RNA was isolated from untreated plants and cDNA was synthesized as described in the "Materials and Methods" section. The *EF1*α gene was used as a reference gene. **(C)** Images of representative *sysr1* transformants and WT plants at 50 days.
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**FIGURE S3 \|** Effects of osmotic stress (400 mM mannitol) on shoot and root growth in the control and three transgenic plants (Lines 1, 4, and 7). **(A)** Plants were photographed after 4 weeks of stress treatment. Two-week-old WT and transgenic plants (Lines 1, 4, and 7), grown on Murashige and Skoog agar medium, were transferred to the same medium supplemented with 400 mM mannitol, and plants were allowed to grow for an additional 4 weeks. **(B)** Primary root lengths of WT and transgenic plants treated with 400 mM mannitol for 4 weeks (*n* = 12). The data for three biological replicates were averaged. Different letters represent significant differences at *P* \< 0.05 (*t*-test). Bars indicate the standard deviation of the mean.
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